Introduction
The Madden-Julian Oscillation (MJO) is the dominant component of intraseasonal variability in the Tropics, first identified and documented by Julian (1971, 1972) . Since the 1980s, the MJO has received a great deal of attention in part because of its impact on weather systems around the globe. Among others, the MJO influences the variability of rainfall in the west coast of North America (Jones 2000) , affects the Indian monsoon development (Lau and Chan 1986; Madden and Julian 1994) , and modulates the frequency and intensity of hurricanes in the Pacific Ocean and Caribbean Sea (Maloney and Hartmann 2000) . For these reasons, the MJO is regarded as a forecast tool with great potential (Hendon et al. 2000) . Furthermore, the MJO has been shown to interact with the ocean (Zhang 1996; Hendon and Glick 1997; Jones et al. 1998 ) and thus may influence the evolution of the El Niño-Southern oscillation (ENSO) . Several simulations reveal that the westerly winds associated with the MJO had a significant role in the onset and growth of the 1997-1998 El Niño (Kessler and Kleeman 2000; Boulanger et al. 2004 ). These results substantiate speculations that the inadequate ENSO predictions by numerical models could be partly caused by a lack of simulation of the MJO (Zhang 2005) . In addition, a medium range forecast model with poor MJO skills has systematic forecast errors during active MJO events compared to quiescent or inactive events (Hendon et al. 2000) .
For all these reasons, the MJO has become over the last few decades the ''Holy Grail'' of tropical atmospheric dynamics and has not ceased to be a challenge for the modeling community. In the last decade, considerable work was devoted to further understand the factors that control the realism of simulated MJO, such as convection parameterization, air-sea coupling or model resolution. Zhang (2005) has proposed systematic procedures with standardized diagnostics to effectively assess the quality of MJO simulations and to easily compare the efficiency of models.
The aim of this study is to use a regional model to better understand the development phase of the MJO. While the coupling between deep convection and circulation is at the center of some MJO theories, other theories rely on boundary layer processes, including moisture convergence. Therefore the MM5 model is used to diagnose the possible mechanisms controlling the unique speed of propagation of the MJO with a focus on the role of the wind-convection coupling and of the moisture processes. Such investigation is needed to better understand the inability of most general circulation model (GCM) to produce realistic MJO signals. This work will expand on that by Gustafson and Weare (2004) , who conducted a series of extended simulations in order to test the ability of the fifth-generation Pennsylvania State University (PSU)-National Center for Atmospheric Research (NCAR) Mesoscale Model (MM5) to replicate the Madden-Julian Oscillation. Since MM5 is a regional model, observational data is required to initialize the model and to force its boundaries. Gustafson and Weare (2004) suggest that a change of input dataset from the National Centers for Environmental Prediction (NCEP)-NCAR re-analysis (NRA) used previously to the European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA-40) might yield significant differences in the MJO, specifically improving the erroneous OLR and altering divergence patterns. Even though the two datasets are overall very similar, some key differences could translate into a better or worse simulation of the MJO. For example, the strongest 200-hPa divergence occurs to the north of the equator in the NRA dataset while it occurs to the south of the equator in the ERA-40, for both the western Pacific and Indian Oceans . Furthermore, in the present study the MM5 domain is widened to include a larger part of the African Continent, which may play a role in the recharge mechanism of the MJO. Finally, the procedure introduced in Zhang (2005) is followed to better understand the shortcomings of the model and identify the possible mechanisms controlling the MJO phase speed and vertical structure.
2 Model, data, and method
Model
This project uses the MM5 version 3.4 (Grell et al. 1995 ), a regional model highly adaptable and capable of producing a reasonably realistic MJO (Gustafson and Weare 2004) . In the previous study, a domain extending across the tropical Indian and western Pacific Oceans, approximately between 24°NS and 44°-181°E, was chosen. That domain covers the various active regions of the MJO: the conditioning and recharging phase over the western Indian Ocean, the growth over the Indian Ocean, and the full propagation over the eastern Indian Ocean and the western Pacific Ocean before the signal recedes near the date line. However, the zonal scale of the domain only allows the development of global scale wavenumbers 3 and above without crossing the west and east boundaries. This could be problematic since the MJO is associated with planetary scale wavenumber 1-2 in the zonal winds. In addition, a domain at least half the globe in longitude is necessary to compute the full space-time spectral power which is used to isolate the planetary eastward propagation at intraseasonal time scales (see Sect. 2.3.1). Moreover, that domain does not include the east coast of Africa, which could potentially play a role in the recharge mechanism of the MJO. For these reasons, we opted in this study to extend the width of the domain to 10°-200°E, making it slightly wider than half the globe.
As in Gustafson and Weare (2004) , the period chosen in this study totals 26 months, beginning June 1 1990 and ending August 31 1992, and provides two winters and a summer of 30-90 day bandpassed filtered data. The domain has a horizontal grid interval of 60 km and 30 vertical levels (from the surface to 10-hPa), 10 of these levels being below the 0.85 sigma level, in order to accurately simulate low-level stability. The physics parameterizations chosen for the model run are as follows: the Betts-Miller lagged convective adjustment scheme (Betts 1986; Betts and Miller 1986) for subscale precipitation, the five-phase (cloud drops, rain, ice, snow, and graupel) Goddard (Lin et al. 1983; Tao et al. 1989) for explicit moisture calculations, the Eta Model, Mellor-Yamada 2.5-level scheme (Janjic 1990 (Janjic , 1994 for the boundary layer parameterization and the Rapid Radiation Transfer Model (Mlawer et al. 1997 ) for radiation. The choice of physics parameterizations is based upon analyzing a suite of 34 preliminary runs performed using MM5 version 2 on a smaller domain, running between 13°S-11°N and 130°-180°E (Gustafson and Weare 2004) . The overall criteria used to determine the final physics parameterizations are realistic wind patterns and precipitation, especially large-scale organization of precipitation and convection. Additionally, the sea surface temperatures vary in time and are based upon the ECMWF ERA-40 boundary conditions. The specific details of the choice of physics parameterization, domain grid and period for the model run can be found in Gustafson and Weare (2004) .
Data
The ECMWF ERA-40 (Uppala et al. 2005) , chosen to initialize and force the model boundaries, is based upon 0000, 0600, 1200, and 1800 UTC data. In addition to the ERA-40, the National Oceanic and Atmospheric Administration (NOAA) interpolated outgoing longwave radiation (OLR) daily dataset (Liebmann and Smith 1996) and the Climate Prediction Center (CPC) merged analysis of precipitation (CMAP) pentad data product (Xie and Arkin 1997) , on a 2.5°9 2.5°grid like the ERA-40, serve as independent datasets for OLR and precipitation for comparing the observations with the model output. In the rest of this article, we refer to these datasets, including the ERA-40, as ''observations''. In addition, the various fields of the ERA-40 are used to calculate the observed moist static energy (MSE), defined as MSE = C p T ? Lq ? gz, where C p is the specific heat of air, T is the air temperature, L is the latent heat of condensation, q is the specific humidity, g is the gravitational constant, and z is the geopotential height.
Method
The methodology used to evaluate the realism of the simulated MJO follows the procedure proposed by Zhang (2005) . The analysis is done over data ranging from 20°S-20°N and 15°-195°E, thus excluding the 8 grid points nearest to the boundaries. This ensures that the direct signal from the boundary conditions does not contaminate the statistics. First, the space-time power spectrum is computed to isolate the planetary scale eastward propagation at intraseaonal time scale associated with the MJO. Then, the leading modes of the MJO signal are extracted from the output model, using combined empirical orthogonal function (EOF) analysis. The leading modes are then used to identify the MJO primary features (phase speed, horizontal and vertical structure). Finally, the procedure calls for inspecting the spatial distribution and seasonal cycle. However, since the simulation provides only two winters and one summer of filtered data, the seasonality cannot be well established. Instead, the temporal and spatial variability in the observations and the model are compared. In addition, a study of the North and South boundary conditions is included to verify that the propagation and structure of the simulated MJO are not primarily driven by an MJO signal present in the meridional boundaries.
Power spectrum
Space-time power spectral analysis (Hayashi 1982 ) is used to separate various fields into eastward-moving and westward-moving components. When studying the MJO, this analysis should reveal the existence of an eastward propagating signal for zonal wavenumbers 1-3 and periods between 30 and 90 days. This analysis is a preliminary test to identify the presence of an eastward propagating signal and to establish the separation of an intraseaonal signal from the lower-frequency power. For this reason, a spacetime power spectrum should be computed using unfiltered data. Following Hayashi's method, the space complex Fourier coefficients are first computed using a forward Fourier transform in space. Since the model domain is only half the globe in longitude, we reconstruct the whole globe in order to compute the Fourier coefficients for all the global scale wavenumbers. The missing hemisphere is filled for any variable f(x) by f(x) = f(x ? 180°) when computing the complex Fourier coefficients for even wavenumbers and filled by f(x) = -f(x ? 180°) for odd wavenumbers. Even though observations are available for the whole globe, the same methodology is used on the observations for consistency in comparison with the simulation. This analysis yields similar results to previous observational studies (see Sect. 3a).
Data filtering
To isolate the MJO in time, a 30-90 day Lanczos bandpass filter (Duchon 1979) with 151 weights is chosen. The number of weights is a compromise between the quality of the filter and the amount of the resulting filtered data. This choice of filter provides two winters of filtered data with the intervening summer while running a 22-month simulation. This Lanczos bandpass filter also allows consistency between the results presented in this paper and the previous work by Gustafson and Weare (2004) .
Combined EOF analysis
In order to extract the MJO signals in the observations and the model output, an EOF analysis of combined 30-90 day bandpass filtered OLR and zonal winds at 850 and 200-hPa (further on referred as, respectively, U850 and U200) is employed, following Wheeler and Hendon (2004) . Beforehand, each field is averaged over 20°S-20°N and then normalized by the square root of its domain mean variance, so that each field contributes equally to the explained variance of the EOFs. This method produces a pair of leading modes that are well separated from the rest according to Zhang and Hendon (1997) extension of the North et al. (1982) ''Rule of thumb''. According to Wheeler and Hendon (2004) , using EOFs of combined fields of equatorially averaged zonal winds and OLR isolates more effectively the MJO signal than a single level field EOF analysis. The combined EOF analysis has also the advantage that it takes into account the wind-convection coupling associated with the MJO without the complexity of a singular value decomposition (SVD) analysis. The principal components (PCs) of the leading modes are used to reconstruct (through linear regression) various fields, in both the re-analysis and model output, in order to isolate the MJO signal (Zhang et al. 2006 ). The reconstructed variables, referred to as ''MJO variables'' are then examined to identify the horizontal and vertical structure of the observed and simulated MJO. One disadvantage of the combined EOF analysis is that the computed MJO leading modes do not include any seasonal migration with latitude, and only the eastward propagation can be investigated using the ''MJO variables''.
MJO index
The leading modes obtained from the combined EOF analysis are also used to create an MJO index. This index is computed in the following way, where t is the time in days:
where lag is the lag of maximum correlation between PC1 and PC2 (11 days for the observations and 12 days for the model output). The index is a linear combination of the first two leading modes PCs where the lag between PC1 and PC2 is taken into account. This index is associated with a spatial structure similar to the first EOF, hence explaining a large percentage of the MJO variance.
Phase speed
The eastward propagation and phase speed of the MJO signal are evaluated using lag-correlations of the MJO index with equatorially averaged filtered variables. This analysis describes the propagation of dynamical and thermodynamical fields, as well as their phase relationships. The speed of propagation can then be obtained by evaluating the slope of the correlation pattern. However, since the phase speed of the MJO varies from event to event and during the life cycle of one given event , it would be futile to compute an exact phase speed over the whole domain. Instead, the slope of the overall correlation pattern is compared to typical phase speeds associated with the MJO theory.
Horizontal and vertical structure
The horizontal structure of the MJO is investigated using horizontal composites of MJO variables for times when the MJO index is 1 standard deviation above its mean. Similarly, composites of zonal/height cross sections of equatorially averaged MJO variables are generated to study the vertical structure of the MJO signal. A time-lag can be applied in order to center the various features in the horizontal and vertical structure within the domain so they can then be examined in their entirety.
Spatial and temporal distribution
Hovmöller diagrams of bandpass filtered variables for the observations and the model output are used to identify the spatial and temporal distribution of the MJO. Since Hovmöller diagrams can be cumbersome to analyze, correlations between the model output and the observations along the time axis as well as along the longitude axis are calculated. These correlations provide insight into the accurate simulation of the seasonality of the MJO. They also help identify regions where, and time periods when, the model is efficient or fails to reproduce the observed MJO signal.
3 Results
Climatology
Before exploring the MJO features of the model, it is important to verify the model climate in order to determine if the MJO signal simulated by MM5 develops in a realistic background state. Figure 1 shows the 2-year mean (from 1 August 1990 to 31 July 1992) of 850-hPa winds and the annual mean precipitation. Contrary to Gustafson and Weare (2004) where the model introduces an easterly wind bias of approximately 2 m s -1 at 850-hPa, this simulation presents a 1 m s -1 westerly bias over the whole domain. The model and the observed wind patterns agree well over most of the domain, with stronger winds away from the Equator, westerlies over the Indian Ocean north of the equator, and easterlies elsewhere. Yet, the model shows westerlies over the southern and eastern Pacific Ocean, near the boundaries, where the observations present strong easterly winds. Overall these differences are small since they are within the 2-4 m s -1 differences between the NRA and ERA re-analyses (Annamalai et al. 1999 (Randall et al. 2007) . Overall, the model errors are within the differences between the various available observational datasets and the average GCM simulation in the IPCC comparison.
Eastward propagation
The space-time power spectra of 20°S-20°N averaged U850 and OLR are presented in Fig. 2 . The main features of the observations are very similar to those shown by . However, it is important to note that the ratios of eastward to westward power shown in Table 1 are much greater than that shown in Zhang et al. (2006) . This is easily explained by the data reconstruction methodology used here since it emphasizes the power of the Eastern Hemisphere where the MJO signal is the strongest. The MJO characteristics in the zonal winds are well reproduced by the model, especially the stronger eastward propagating power and the intraseasonal frequency band well separated from the lower frequencies. However, the model output zonal winds display a weaker ratio of eastward to westward power (Table 1 ) and a slightly more dominant wavenumber 1 (Fig. 2) than for the observations. In addition, Table 1 shows that the model OLR, 850-hPa specific humidity (Q850) and precipitation (P) do not demonstrate any obvious eastward propagation. Thus this analysis reveals that an intraseasonal planetaryscale eastward propagating signal is present in the model upper-and lower-level zonal winds, but is not present in the OLR, precipitation and in the free atmosphere lowerlevel moisture. Yet, there seems to be a clear eastward propagating signal in the boundary layer moisture field (Q1000) and moist static energy (MSE1000), suggesting that moisture processes in the boundary layer and the free atmosphere have very different mechanisms. Similarly to Kemball-Cook and Weare (2001), a moist static energy instability index (MSEII) is constructed by taking MSE(1,000-hPa) minus MSE(300-hPa). This index measures the tropospheric instability and can be useful to assess the instability as a control mechanism for the MJO propagation characteristics. Indeed, the space-time power spectral analysis of the MSEII demonstrates that the model reproduces very well the intraseasonal eastward propagation of the instability that is present in the observations. In addition, the ratios of eastward to westward power for the meridional lateral boundaries show that the eastward propagating signals are weaker at the boundaries than within the model domain in all variables but the MSEII. This is especially true in the zonal winds which present very little eastward propagating signal. Figure 3 presents the zonal structure of the first two EOFs of combined bandpass filtered U850 and U200, and OLR, averaged over 20°S-20°N. For the observations, the leading pair of combined EOFs explains more than 60% of the total explained variance, making them well separated from the remaining EOFs based on the criteria of North et al. (1982) (the third EOF explains only 8.7% of the variance) and they are similar to the analysis of Wheeler and Hendon (2004) . The corresponding principal components (PCs) are in quadrature and the first PC leads the second one by 11 days with a correlation of 84.0%. This implies a periodicity of 44 days, consistent with the theory. Thus the leading EOF pair represents the main structure and eastward propagation of the MJO. Furthermore, the PCs associated with the leading modes exhibit moderate active MJO Fig. 1 Two-year mean of 850-hPa wind and annual mean precipitation for the observations and the model output. Vectors indicate wind direction, are scaled with respect to the reference magnitude, and are plotted for every other grid point in the longitude direction.
Extraction of the leading modes
Shading represents wind magnitude (m s -1 ) and precipitation (cm) as indicated by the label bars events during the fall 1990, spring 1991 and strong events during winter and spring 1992. These two PCs are used to construct an MJO index. Weare (2006) warns about doing composite analysis using a reference dataset which focuses on convection centered over the Maritime Continent. The composites would then present an amalgam of the different properties of the MJO over the Indian and Pacific Oceans.
Since the index is associated with a pattern of convection similar to that of the first EOF, centered east of the Maritime Continent, this issue should be avoided. Like the observations, the model output has a dominant pair of leading EOFs, explaining approximately 50% of the explained variance (while the third EOF accounts for just 10% of the variance). These leading modes display wind patterns consistent with the observations. However, the associated enhanced convective center is not reproduced. Nonetheless the correlations between the first pairs of PCs of the observations and the model are high, 87.9% for the first PC and 92.1% for the second. This implies strong similarities in the MJO circulation and its propagation between the ERA-40 re-analysis and the model. In addition, the model output PCs show a maximum correlation (81.8%) for a lag of 12 days.
Phase speed
The phase speed and the eastward propagation of the MJO signal are investigated through lag-correlations, at all longitudes, of the equatorially averaged U850, U200, Q850, OLR and MSEII upon the MJO index (Fig. 4) . The observations show a coherent organization and consistent eastward propagation in all fields with a characteristic phase speed around 8 m s -1 , typical of the MJO (Hendon and Salby 1996; Lin et al. 2006) . It is worthy of note that the phase speeds of the NOAA OLR and the CPC precipitation (not shown) display good agreement with the ERA-40, thus demonstrating consistency in the observational datasets used in this study.
The model output shows very good agreement with the ERA-40 re-analysis in the eastward propagation of the zonal winds, both at upper-and lower-levels. The propagation is smooth and well organized with a realistic MJO phase speed over the whole domain. However, as expected from the previous results, the MM5 model output lacks a clear organization and a realistic eastward propagation in Q850 and OLR. While there are indications of eastward propagation in the OLR, it does not have a realistic MJO Contour intervals are 6 from 3 to 15 and 10 from 15 and beyond for U850, and 150 from 100 to 1,000 and 400 from 1,000 and beyond for OLR. Units are m 2 s -2 day for U850 and W 2 m -4 day for OLR. Note that the space-time power spectrum for the model output OLR is weak compared to the observations and therefore multiplied by 3 to keep a consistent contour scheme Intraseasonal powers are calculated within the window of 30-90 day periods at zonal wavenumber 1 for U850, U200, Q1000, Q850, MSE1000 and MSEII, and zonal wavenumbers 1-2 for OLR and P phase speed and it is too intermittent. Yet, the MSEII in the model displays a clear eastward propagation with a realistic phase speed, especially over the Indian Ocean. Like for the observations, the MSEII does not propagate as smoothly as the zonal wind and exhibits some discontinuity between the Maritime Continent and the western Pacific Ocean. Overall, only the model output winds and stability index show a clear and realistic MJO propagation. The analysis of the meridional boundaries reveals the absence of coherent eastward propagation in phase with the propagation seen in the zonal winds for both the observations and the model output. Moreover, the absence of propagation is similar in the lower-level moisture and OLR. Only the MSEII presents a realistic propagation speed around 8 m s -1 over the whole latitudinal domain. This result strongly suggests that the realistic aspects of the MJO in this model are not dictated by the meridional boundary input data.
Horizontal and vertical structure
The horizontal and vertical structure of the MJO signal are investigated using composites of various MJO variables associated with the MJO index for a lag of -10 days in order to center the various MJO features within the domain. The horizontal composites (Fig. 5 ) describe the latitudinal distribution of the signal, especially the discrepancies between the Equator and the regions closer to the boundaries, while the vertical composites (Fig. 6) provide insight into the differences in the vertical structure of the MJO as it evolves. The horizontal and vertical structure of the simulated MJO winds agree well with the observations. The MJO winds exhibit the first baroclinic mode in the troposphere as well as a distinct zonal asymmetry, with lowerlevel convergence and upper-level divergence. However, the convective center, diagnosed from the OLR, located slightly to the west of the upper-level divergence, seen in the observations (Sperber 2003; Kiladis et al. 2005) , is not reproduced in the model. Instead some deep convection is evident around the dateline and away from the Equator, far east of the upper-level divergence. Figures 5 and 6 also display a fundamental large-scale feature observed in the MJO: positive moisture anomalies are present near and to the east of the convective center while a rapid drying, associated with negative moisture anomalies, occurs immediately to the west (Weare 2003) . This dry/moist pattern is partly reproduced by the model in the boundary layer, but it is weak and noisy in the free troposphere. In addition, the moisture signal above 500-hPa in the model is very insubstantial, except around the dateline where positive moisture anomalies coincide with the simulated convective center and where the observations show weak negative anomalies. This suggests that the inability of the model to reproduce the correct location of the deep convection is a result of a poor simulation of the upperlevel moisture. Furthermore, the vertical structure of the observed MJO MSE is similar to that of the observed MJO specific humidity, indicating that the MSE is strongly dominated by the moisture term. On the other hand, the model output MJO MSE composite displays a similar pattern to its observational counterpart, though weaker and noisier. Overall, the moist static energy shows lower-level positive anomalies building upward in the troposphere ahead of the convective center and sharp negative anomalies just west of the convection. The associated composites of MJO MSEII for the observations and the model output agree well with each other. They feature positive and negative anomalies, respectively to the east and west of the lower-level convergence, representing an unstable atmosphere ahead of the convective center and a stable troposphere after the convection has passed.
Finally, the vertical structure of the MJO signal on the meridional boundaries reveals that the zonal winds lack the first baroclinic mode, which is an essential feature of the MJO. The MJO signal in the moisture and deep convection are both noisy and lack the zonal wavenumber 1 structure. The moisture also lacks a consistent lower-level moistening building upward into the troposphere ahead of the convection. Meanwhile, the MSE vertical structure shows a signal above 500-hPa, which seems to be solely responsible for the strong signal in the MSEII. The MSE signal is noisy and inconsistent in the boundary layer. Overall, a realistic and coherent MJO signal is absent from the meridional boundaries in the winds, moisture and MSE, especially at lower-levels. Figure 7 shows Hovmöller diagrams of the equatorially averaged bandpass filtered 200-hPa zonal winds. It reveals that the observations and model output are very similar, with the same relative strength and a strong seasonal variability. MJO events are clearly identifiable during the boreal fall of 1990, the spring and early summer of 1991 and the winter and spring of 1992. Outside these time periods, the organization, the power and the propagation of the signals are weak or non-existent. Longitudinal correlations at all times and temporal correlations at all longitudes between Hovmöller diagrams of the model output and the observations for U200, U850, Q850, OLR and The three thick lines correspond to eastward phase speed of 3, 8, and 15 m s -1 respectively MSEII are presented in Fig. 8 . This analysis reveals high correlations for U200 and U850 with a mean temporal correlation over all longitudes of 85.4 and 77.1% respectively, and a mean longitudinal correlation over all times of 79.2 and 64.8% respectively. As expected, the correlations are weaker over the Maritime Continent than over the Indian and Pacific Oceans. They are also weaker during inactive MJO events than during strong MJO events. The OLR and Q850 present poor overall correlations, with mean temporal and longitudinal correlations close to zero for OLR and close to 15% for Q850. It should be noted that the temporal correlations of the free atmosphere lowerlevel moisture are significantly higher west of the Maritime Continent (42% as a mean) than to the east of the Indian Ocean (close to zero). This demonstrates the significant impact of the Maritime Continent on the simulation of the MJO signal, especially in the moisture field. In addition, the correlations of the OLR and Q850 are clearly higher over the African Continent, which is most likely due to the limited influence of the West boundary condition. Finally, correlations for MSEII are higher than for OLR and Q850 but weaker than for the winds (mean temporal and longitudinal correlations of 55.5 and 35.0% respectively). This analysis indicates that the model is able to reproduce the conditional instability over the whole domain better than the moisture field or the deep convection.
Spatial and temporal distribution

Discussion and conclusion
The analysis of the MM5 output reveals that the model simulates accurately the main dynamical features of the MJO circulation despite the lack of MJO-related deep convection. The simulated MJO signal in the zonal winds presents the correct intraseasonal and planetary-scale eastward propagation at a realistic phase speed. In addition, its horizontal and vertical structure and its temporal variability are well reproduced. While the simulation contains some convection and precipitation, it is not well related to the MJO. A potential factor explaining the lack of MJO wind-convection coupling is the poor simulation of the free atmosphere moisture field, especially above 500-hPa. However, even though there is no evidence of a clear MJO signal in the free atmosphere water vapor, the moisture in the boundary layer displays a clear MJO signal with the proper structure. This demonstrates that moisture processes are in general agreement with the frictional wave-CISK theory . Since the moist static energy is strongly driven by moisture changes at lower-levels (Kemball-Cook and Weare 2001), it is not surprising to see a strong MJO signal in MSE in the boundary layer. The equally strong MSE signal in the free troposphere seems to indicate that the influence of the temperature term in the model MSE is stronger than expected. A possible explanation for the inadequate simulation of the free atmosphere moisture could be the lack of convection over the Maritime Continent, which was previously shown to block the eastward propagation of lower-level Kelvin waves associated with the MJO in a GCM (Inness and Slingo 2006) . The orography of the islands can weaken or even extinguish the simulated MJO signal over and east of the Maritime Continent.
The systematic procedure described in Sect. 2.3 was also used, when possible, to analyze the simulation presented in Gustafson and Weare (2004) (not shown). The results reveal similar features with leading modes presenting a strong MJO signal in the winds but not in the OLR. They also show weak eastward propagation in the thermodynamical fields in the Indian Ocean and stationary patterns in the Pacific Ocean. However, the intraseasonal signals in the moisture, OLR and precipitation tend to be more organized than in the ERA-40 simulation, especially over the Pacific Ocean. Overall, both MM5 runs show clear MJO signals in the circulation but no wind-convection coupling. This indicates that the choice of the input data and the addition of the African Continent to the MM5 domain does not substantially modify the simulation of the MJO.
Again, the MM5 has the ability to produce a realistic MJO phase speed in the zonal winds without simulating a proper MJO in the convection, precipitation and free atmosphere moisture. As seen in other studies, it is common to have models producing strong MJO signals in the winds but weaker ones in the precipitation (Zhang et al. 2006 ). This only implies that strong MJO signals in the circulation do not necessarily induce strong MJO signals in the convection. This study suggests that an MJO in the winds, with correct propagation features, can exist with little or no MJO signal in the convection. The systematic analysis of the model output allows us to propose possible explanations. The first potential cause is the possibility that the MJO signal within the domain is simply forced by the MJO present on the boundary conditions. The analysis of the MJO signal on the meridional boundaries reveals the absence of a realistic MJO propagation and vertical structure in phase with the signal in the model domain in the zonal winds and moisture. Thus we can conclude that the realistic MJO phase speed in the zonal winds is not directly controlled by an MJO signal entering the model domain through the meridional boundaries. This outcome corroborates the results of Ray et al. (2009) who, using a Tropical Channel MM5, show that changing the latitudinal locations of the meridional boundaries from 21 to 38°NS does not significantly alter the initiation and speed of propagation of the simulated MJO. Since there is no MJO-associated Kelvin component at 38°latitudes, they conclude that the critical signal in the lateral boundary that forces the MJO represents extratropical influences instead of the MJO itself. Meanwhile, the western boundary influence is limited to the African Continent in the OLR and moisture field so it is doubtful that it could explain the propagation of the winds over the whole domain. Although it is possible that an extratropical forcing and circumnavigating waves participate in the organization of the MJO, it is unlikely that they solely explain the realistic signal found in the model output winds. Indeed, since the absence of moisture in a model results in signals propagating too fast (Lin et al. 2007; Ray et al. 2009 ), the role of moisture is undeniable. While the MM5 model does not produce a clear MJO signal in the free troposphere water vapor, it displays a strong MJO signal in the boundary layer moisture and in the moist static energy instability index which propagate at a realistic MJO phase speed. The results here suggest that the discharge and recharge of the moist static energy instability index and the convergence of boundary layer moisture may be responsible for controlling the speed of propagation of the MJO circulation. This conclusion is consistent with the findings of Kemball-Cook and Weare (2001) , who propose to integrate the discharge-recharge hypothesis (Blade and Hartmann 1993) with the frictional wave-CISK theory to allow a more complete view of the physics of the MJO.
This study suggests that deep convection is not a fundamental feature controlling the speed of propagation of the MJO in the winds but simply a by-product of the MJO mechanism. The dominating factors seem to be boundary layer moisture convergence, lower-level moist static energy building upward in the free troposphere and a discharge and recharge of the moist static energy instability index. For this reason, further MJO studies, especially when evaluating the realism of MJO simulations, should focus more on the coupling between the MJO circulation, atmospheric instability and boundary layer moisture processes. For example, the systematic analysis of upper-and lower-level winds and OLR could be extended to the moist static energy instability index used in this study. In addition, the analysis of the MJO energetics through MSE could be supplemented with a study of the convective available potential energy (CAPE) and diabatic heating profiles in subsequent projects. Also, further work should be done to better understand the role of the ocean in the MJO mechanism, in particular the impact of surface fluxes on the boundary layer moisture processes. For example, the MM5 model could be run coupled with an Ocean Model and a Land Surface Model and its simulated MJO could be compared to the present study. Similarly, the impact of planetary boundary layer parameterization on the realism of the MJO could be tested. Additionally, as computer limitations evolve, the length of the simulation could be extended to 5 or 10 years to obtain more robust statistics and nesting could be used to improve the model resolution over the Maritime Continent. Finally, the causes of the poor simulation of the MJO free atmosphere moisture could be investigated by calculating a moisture budget in order to identify the model deficiency. Knowing the source of the problem would help to know where the effort needs to go for model improvement.
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